The world's population is aging. A person who does not die of acute illnesses will likely develop more than one non-communicable disease, a phenomenon known as multimorbidity. COPD is the third leading cause of death worldwide and is defined by airflow limitation, but its clinical manifestations are variable and influenced by comorbidities. Comorbidity burden can be measured by the number of coexisting diseases, by their prevalence, and by the impact on outcomes. There are limitations when traditional epidemiology methods are applied to study the complex interactions amongst many diseases as the relevance of some diseases may mistakenly omitted. We present in this review the results from the most influential COPD comorbidity studies, highlighting those that have provided the most relevant information, and then we present a novel perspective derived from network analysis, which helps interpret the complex interplay among comorbidities. (BRN Rev. 2016;2:215-28) Corresponding author: Miguel Divo, mdivo@partners.org 
INTRODUCTION
The World's population is growing older and chronic diseases are more prevalent. Advances in the treatment and control of communicable diseases have led to a steady increase in life expectancy worldwide. Currently, life expectancy is 78 years in the developed world and 68 years in the developing world, whereas in 1950, life expectancy at birth was 65 years in high-income countries and 42 years in lowand middle-income countries 1 . With the aging of the world's population, non-communicable or chronic diseases are the predominant challenge for medicine. The success of the methods applied to the control and treatment of communicable diseases is not necessarily easy to extrapolate to the control and treatment of chronic diseases, and therefore limits the application of conventional approaches to this new health reality.
Communicable diseases have a relatively short time interval from exposure to disease manifestation, allowing scientist to reproduce experiments and see results in relatively short periods of time. Chronic diseases develop slowly and manifest at older age, inducing a perception of less urgency in the society. Second, communicable diseases result from a single or small number of interactions with infectious agents or vectors (air, food, or vector borne). This characteristic allows a simplified mapping of disease mechanisms and therefore the identification of a therapeutic target. For example, in the recent Ebola outbreak, identification of the virus' life cycle and ribonucleic acid (RNA) code enabled scientists to control the spread (despite a locally limited health system) and develop two potential vaccine candidates in a period of two years [2] [3] [4] . Third, and most significantly, multiple chronic diseases co-occur in the same individual, a phenomenon known as "multimorbidity" and is a reality of today's aging population 5, 6 . Aging with multiple coexisting chronic diseases has caught the present healthcare system unprepared because the reductionist "silo" approach that was successful in preventing and treating communicable diseases has not borne the same results for chronic multimorbidity. Unfortunately, the reductionist approach is the basis of the current structure of medical education, healthcare delivery, drug discovery, and practice guidelines. Therefore, a different approach is needed and it will be discussed in this review.
The top-ranked chronic diseases in the world include heart attack, stroke, chronic obstructive pulmonary disease (COPD), diabetes, cancer, and depression 7 . Since 1990, COPD has climbed from fifth to third place among the leading causes of death worldwide 7 (Fig. 1 ) and was responsible for three million deaths in 2010 (6% of all deaths).
While it is important to rank diseases by their frequency, the reality is that those chronic diseases can co-occur in the same individual and this phenomenon seems not to occur by chance alone 8 . In fact, for COPD, more than 80% of patients have concomitant heart disease, cancer, osteoporosis, and depression, among others. This was demonstrated in one of the seminal COPD trials, the Towards a Revolution in COPD Health (TORCH) trial, which aimed to measure mortality as an outcome. In this study, researchers carefully tracked specific causes of death of 6,000 patients over three years. Only 35% of the 875 deaths were due to primary respiratory causes, while 27% died from heart problems, and 21% due to cancer 9 . Of these cancers, close to 80% were lung cancers.
For COPD, the importance of considering comorbidities as part of its core management has evolved from simply acknowledging their existence, to recognizing their impact on important outcomes and, more recently, to describing how certain comorbidities cluster preferentially around particular COPD phenotypes 1, [10] [11] [12] [13] [14] [15] [16] .
DEFINITIONS
In table 1 we have listed important concepts used throughout this review to facilitate its comprehension.
DETECTING COMORBIDITIES
Comorbidity ascertainment is a relevant but overlooked aspect in the methodology of comorbidity studies. The three most common methods to ascertain comorbidities are by: (i) direct questioning or anamnesis, (ii) confirmation with specific diagnostic test, and (iii) mining administrative databases. We will briefly review each methodology, comparing their strengths and weaknesses.
First, anamnesis or history taking has been for centuries the cornerstone of medical information. This methodology provides the chance to capture a wide spectrum of comorbidities and can be enhanced by combining open-ended history taking with questionnaire-directed examination. To decrease recall bias, each Table 1 .
Key definitions and concepts

Comorbidity and multimorbidity
Comorbidity is defined as the presence of one or more diseases co-occurring with a disease of interest or index disease. In contrast, multimorbidity does not assume a hierarchy of diseases (Fig. 2) . The indexed disease does not necessary represent the dominant or the cause of the other chronic disorders, but rather helps to determine a reference that is useful for a case-control study.
Communicable and non-communicable diseases
Communicable or infectious diseases are those caused by pathogenic microorganisms the diseases can be spread, directly or indirectly, from one person to another. On the other hand, non-communicable diseases are not passed from person to person. They are of long duration and generally slow progression; non-communicable diseases are also known as chronic diseases; however, some infectious disease may become chronic (hepatitis C for example).
Cluster analysis This is the task of grouping a set of objects in such a way that objects in the same group (called a cluster) are more similar (in one sense or another) to each other than to those in other groups.
Network analysis This is a useful way to conceptualize and present graphically a complex system, where the different elements of the system are represented as nodes and their structural and/or functional relationship as edges (or links) 28, 29 .
Modules This is a dense sub-graph on the network that often represents a set of nodes that have a joint role 40 .
Hubs Nodes in a networks that possess the highest number of links or connections 40 .
avoiding the pitfall of recall bias, under-diagnoses, or missing subclinical comorbidity. However, the objectivity of these methods is counterbalanced by the limitation of how many diagnostics test can epidemiologic studies afford, the applicability to clinical practice, and the risk implicit in some tests (i.e. radiation) resulting in the screening for a handful of comorbidities and therefore introducing selection bias.
The third method is the examination of databases. This method has the advantage of scaling studies to include thousands (or millions) of patients. However, in many cases there is no way to confirm the diagnosis, and in the USA many databases were conceived for administrative-billing claim purposes and not necessarily clinically driven.
When comparing the three methods, the first will provide a wide range of different comorbidities with a number of participants ranging from hundreds to a few thousands. For the second method, the number of different comorbidities are narrower, with fewer patients but more accurate prevalence estimates, especially in those diseases that are diagnosed by imaging (Fig. 3) . For the last method, there is a wide range of comorbidities and number of patients, but it is difficult to discern errors of misclassification or missing data.
WHICH COMORBIDITIES?
To better appreciate the importance of comorbidities, we should understand the different dimensions of comorbidities burden:
-By the cumulative number of different diseases one individual has and their prevalence in the population;
-By the impact on patient's centred outcomes: mortality, response to treatment, hospitalizations, and quality of life;
-How comorbidities may cluster according to particular COPD phenotypes.
Number of comorbidities and prevalence
Multimorbidity is a known phenomenon of aging 5 ; however, having COPD, the odds of carrying multiple comorbidities is 1.5-fold higher compared to a matched non-COPD control group [17] [18] [19] [20] [21] (Fig. 4) .
Not only is the number of cumulative diseases higher in COPD patients, but also the prevalence of many co-occurring diseases is higher compared to controls, as is illustrated in table 2. In that table, we organized the results from several COPD comorbidity studies that used multiple rather than one comorbidity in their analysis, and compare them by the method of measuring the comorbidity's prevalence, the study setting, and the number of patients included. Some facts stand out: (i) the prevalence of comorbidities is higher in patients with COPD compared to controls; (ii) there is variability in the prevalence estimate between studies, and this seems to relate to the setting and methodology used in the study; (iii) cardiovascular, locomotive, psychiatric, and metabolic diseases are the most prevalent comorbidities in the majority of studies [22] [23] [24] [25] .
Impact on outcomes
COPD is a disabling disease, affecting a patient's quality of life, and increasing the risk of hospitalizations and death. We learned from the Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE) study 9 that the degree of airway obstruction alone cannot identify by itself patients at risk of developing those Figure 3 . Prevalence comparison between two COPD comorbidities studies using two different methods to ascertain comorbidities prevalence. In red bars are the values measured by direct measurement of 13 diseases in a cohort of 213 patients 13 and in blue by history taking and chart review in 1,659 patients accounting for 79 different comorbidities 35 . Note a wider difference in prevalence in those diseases that require specialized testing. CAD: coronary artery disease; CHF: congestive heart failure; CP: cerebral perfusion; CRF: chronic respiratory failure; CVA: cerebrovascular accident; GERD: gastro-oesophageal reflux disease; HTN: hypertension; OSA: obstructive sleep apnoea. In table 2 we present the most influential COPD comorbidity studies, comparing important characteristic, such as population studied and number of participants, and the methodology used to ascertain comorbidities, and highlighted those comorbidities that have direct impact on outcomes (first column in bold): ischemic heart disease, congestive heart failure, cor pulmonale, lung cancer, diabetes (with end-organ damage), gastro-oesophageal reflux, peptic ulcer disease, cancers with emphasis on lung cancer, pulmonary fibrosis, degenerative joint disease, mental health (anxiety and depression), peripheral artery disease, chronic renal failure, atrial fibrillation, hyperlipidaemia, and hypertension.
However, important questions still remain: What is the significance of other comorbidities that may be present in patients with COPD and have no direct association with outcomes? Are they innocent bystanders?
Diseases networks and comorbidity clusters
The above questions are important if we want to understand the underlying mechanisms behind multimorbidity, and we have to recognize that the complexity of multiple disease interactions cannot be adequately assessed by standard regression analysis or be fitted into a linear equation. One alternative to address this problem is the use of clustering techniques, with the intent to differentiate subgroups of COPD patients with particular phenotypic and prognostic characteristics [12] [13] [14] [15] [16] 26, 27 , and expand to include comorbidities [13] [14] [15] [16] . Despite the methodological differences between these studies, there is congruence in the identification of three to four COPD sub-groups. Some of the major clustering determinants are the degree of emphysema, airway obstruction, and the body mass index or fat-free mass. This type of analysis suggests that the response to tobacco exposure is expressed differently in susceptible individuals and the effect of such exposure goes well beyond the lungs.
One particular integrative approach is the use of network analysis. Networks are used to analyse other complex systems such as the World Wide Web, cell phone communications, and social networks. These complex systems are composed of numerous units (cell phones, computers, or friends) connected by links (text messages, phone calls, posts) and therefore Continued on next page can be analysed using network theory. The application of network theory has helped to demonstrate that these complex systems have similar governing principles. These principles allow us to intuitively discover patterns, isolate structure singularities, and generate new hypotheses, and a full revision of those principles and examples were recently published in this journal 28 .
This methodology has been applied in the study of COPD and its comorbidities 15, [29] [30] [31] , and we will highlight some of our own results. By constructing a network that includes COPD clinical characteristics and comorbidities from a cohort of 2,000 patients and compared to a non-COPD control group, we found: first, that the network of COPD-related comorbidities is denser than those without COPD (Fig. 5) . The significance of this finding relates to the known fact that the number and prevalence of comorbidities is higher in COPD, but similar to social networks, in order to have more "followers" your network has to be popular and/or created with enough time in order to allow "followers" to join the network. It is also possible that the degenerative process leading to the development of chronic diseases starts at an early stage compared to those without COPD (and are smokers) 32 .
Second, by applying unbiased clustering algorithms, there are highly interconnected diseases that aggregate around patient's characteristics, revealing distinct clusters or modules. In figure 6 we show an example of a sub-network or module from the COPD Comorbidity Network (Fig. 5, right side) . In this module, we observe that several significantly correlated diseases are clustered around demographic Table 2 . Summary of COPD comorbidities studies describing the setting, methodology of disease ascertainment, number of subjects, prevalence, and impact on important outcomes (Continued) Divo et al. 17 Vanfleteren et al. 13 Mapel et al. Diseases in BOLD and italic font are diseases associated with a particular outcome. *The study where the significance of a particular comorbidity was described. AAA: abdominal aortic aneurism; CAD: coronary artery disease; CHF: congestive heart failure; CP: cor pulmonale; CRF: chronic renal failure; CVA: cerebrovascular accident; DJD: degenerative joint disease; DVT: deep vein thrombosis; GERD: gastroesophageal reflux disease; HTN: hypertension; OSA: obstructive sleep apnoea; PAD: peripheral artery disease.
and clinical characteristics. In figure 6 we see that COPD patients who are younger (< 55 years old), underweight (body mass index < 21 kg/m 2 ), and current smokers are more likely to have comorbidities (HIV, hepatitis, pancreatitis, cirrhosis, cancers), to be associated with mental illness, and to engage in high-risk behaviour (anxiety, depression, and substance abuse).
Third, the pattern and distribution of connections between diseases (known as edge distribution) suggest a scale-free architecture of the network (long-tailed distribution where a few nodes have most of the links) and therefore we could identify certain diseases as representing highly connected hubs. Those hubs are illustrated in figure 7 and represent those highly connected comorbidities that hold 72% of the connections in the COPD comorbidity network, resembling the behaviour of large airports hubs like JFK in New York or Heathrow in London. Interestingly, these hubs are also known to be associated with important Miguel Divo and Carlos Cabrera: Relevant COPD Comorbidities patient-related outcomes like hospitalization 33 , quality of life 34 , and mortality 35 as we previously presented in table 2.
The identification of those hubs provides an interesting opportunity to generate new research hypotheses for intervention or for the identification of intermediary pathways that result in particular COPD phenotypes and comorbidity clusters 30, 36 . We could conceive exploring what is known as network perturbation experiments, where we might Depression therapeutically intervene one of those hubs and evaluate the response of the system. Perhaps, the benefits of targeting comorbidity hubs are greater than that of targeting single disease entities. As with air travel, delays (the perturbation) in large hubs have a greater effect on air traffic than delays in smaller airports.
For example, the use of CPAP (Continuous Positive Airway Pressure) has been shown to decrease mortality in patients with overlap COPD and obstructive sleep apnoea. Similarly, beta receptor blockers and angiotensin-converting enzyme inhibitor therapy may reduce mortality in patients with both COPD and cardiovascular disease [37] [38] [39] .
WHERE DO WE GO FROM HERE?
As we validate comorbidity clusters and their common pathways with particular COPD phenotypes and endotypes, we could realize the potential of personalized screening for A. fibrillation: atrial fibrillation; AE: adverse events; BPH: benign prostatic hypertrophy; CAD: coronary artery disease; CHF: congestive heart failure; CVA: cerebrovascular accident; DJD: degenerative joint disease; DM: diabetes mellitus; GORD: gastro-oesophageal reflux disease; HTN: hypertension; OSA: obstructive sleep apnoea; PAD: peripheral artery disease; PR: pulmonary rehabilitation; QOL: quality of life. at-risk populations by integrating the genetic, biologic, socioeconomic, and environmental risk with the use of bioinformatics and development of screening "algorithms". Those same algorithms that make the GOOGLE ® search engine so valuable should be translated to the ever-growing use of electronic health records (EHR). The integration of data that we routinely collect in EHR has the potential for a more personalized approach to health if we interconnect, in a meaningful way, the different layers that influence health: social, environmental, occupational, genetic, and epigenetic exposures. In relation to COPD and tobaccorelated diseases, we could potentially identify the youngsters at risk for addiction to this and other substances to attempt to prevent the development of comorbidities as the person ages. This is probably the Holy Grail of personalized medicine. The current time is ripe as informatics has the potential to help disentangle complex data, a task that seemed impossible just a decade ago.
In summary, due to aging and a decrease in communicable diseases, humans are now reaching an older age and developing interactive multimorbidities. In fact, humans are complex systems and to better study the interaction of their genetic make-up with the environment, the application of system network analysis seems well suited to better understand this interaction as well as that of COPD with other chronic diseases.
